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Introduction
Tuberculosis (TB) is caused by members of the Mycobacterium tuberculosis complex (MTBC) of bacteria. These species include M. tuberculosis, which is the most frequent cause of human TB, the less common human pathogens Mycobacterium africanum and Mycobacterium canettii, as well as Mycobacterium bovis, Mycobacterium microti, Mycobacterium pinnipedii and Mycobacterium caprae, which are primarily responsible for TB in animals but have also been known to infect humans (Guti errez et al., 1997; Van Soolingen et al., 1997 Aranaz et al., 2003; Kiers et al., 2008) . Although principally a pulmonary disease, 3e5% of modern-day untreated TB patients develop bone changes following spread of bacteria through the body via the blood and lymphatic systems (Jaffe, 1972) . Typical lesions include collapse of the lower thoracic and upper lumbar vertebrae resulting in a curvature of the spine, called Pott's disease, and damage to major joints, particularly the hip or knee (Resnick, 2002) . More non-specific bone changes have also been identified as potentially related to TB in archaeological skeletons, such as granular impressions and new bone formation on the endocranial surface of the skull, new bone formation on the visceral surfaces of the ribs, hypertrophic pulmonary osteoarthropathy and dactylitis (see Roberts and Buikstra, 2003: 99e109 for a summary). These non-specific lesions can be recognized in archaeological skeletons, and although not specific for TB provide indications of the possible prevalence of the disease in past societies.
The excavation of skeletons with indications of TB, and the likely presence of MTBC bacteria in the bones at time of death, has made TB an attractive target for ancient DNA (aDNA) studies. The first report of M. tuberculosis aDNA detection (Spigelman and Lemma, 1993) has been followed by a substantial number of publications describing the use of the polymerase chain reaction (PCR) to detect MTBC in human bones and teeth (e.g. Baron et al., 1996; Taylor et al., 1996 Taylor et al., , 1999 Faerman et al., 1997; Haas et al., 2000; Mays et al., 2001 Mays et al., , 2002 Zink et al., 2001 Zink et al., , 2003 Zink et al., , 2005 Mays and Taylor, 2003; Donoghue et al., 2005; Müller et al., 2014a Müller et al., , 2014b , mummified soft tissue (e.g. Salo et al., 1994; Nerlich et al., 1997) and calcified pleura (e.g. Donoghue et al., 1998) , spanning a time frame from as early as 9000 BC (Hershkovitz et al., 2008) through the Iron Age (e.g. Mays and Taylor, 2003) and the Medieval periods (e.g. Faerman et al., 1997) and up to modern times (e.g. Zink et al., 2005) . More recently, next generation sequencing (NGS) methods, with or without pre-capture of MTBC aDNA, have been used to obtain genomic data from skeletal and mummified human remains (Bouwman et al., 2012; Chan et al., 2013; Bos et al., 2014) .
A possible complication in the study of samples for MTBC aDNA is the presence of DNA from the microbiome of the individual whose remains are being analysed and/or from environmental bacteria that have colonised the skeleton after death (Wilbur et al., 2009; Tsangaras and Greenwood, 2012; Müller et al., 2015) . These contaminants might include 'mycobacteria other than tuberculosis' (MOTT), which are common in the environment and may occasionally cause opportunistic disease, but which are not normally associated with clinical cases of TB. The genus Mycobacterium is often classified into two major groups, slowly and rapidly growing mycobacteria, a phenotypical division which appears to be supported by genomic data (e.g. Khan and Yadav, 2004; Kweon et al., 2015; Wang et al., 2015) . The former group comprises the MTBC and other opportunistic pathogens (human or animal), whereas fast-growing mycobateria are predominantly non-pathogenic (Wang et al., 2015) . The PCRs used to detect MTBC are generally considered to be specific when used with clinical samples, but most clinical samples do not contain extensive MOTT contamination. False-positives might therefore occur when they are used with more complex extracts, such as those from skeletons that have been buried in the ground for centuries (Wilbur et al., 2009) . We have recently shown that this is the case with the standard PCR used to detect the IS6110 sequence, which was previously thought to give positive results only with DNA from the MTBC, but which also amplifies fragments of the same length from environmental bacteria that are present in at least some human archaeological skeletons (Müller et al., 2015) . Contamination with MOTT species might also complicate assembly of MTBC genome sequences after NGS of archaeological bone or dental samples, if sequence reads derived from environmental species are mistaken for ones representing an MTBC member (Bouwman et al., 2012) .
In this paper we assess the extent and nature of the MOTT and broader bacterial content of human archaeological skeletons, including several displaying potential osteological indicators of TB. We present the results of two independent analyses. First, we report the identities of MOTT present in different skeletons and show the taxonomic relationships of these with MTBC. Second, we provide examples of the non-specificity of PCRs directed at the MTBC, and describe the contaminating sequences and their likely derivation.
Materials and methods

Samples
We studied 22 samples taken from bones or teeth from 21 skeletons from 1 st e19 th centuries AD from 13 sites in Britain and three from continental Europe ( Precautions used to prevent contamination of samples with exogenous DNA, and the methods used to prepare DNA extracts, are described in Müller et al. (2015) .
Polymerase chain reactions
Polymerase chain reactions were set up in 30 ml reactions containing 2.5e5.0 ml DNA extract, 1 Â AmpliTaq Gold PCR Master Mix (Applied Biosystems), 400 nM each primer, 1% BSA and ultrapure water. PCRs were run for one cycle for 7 min at 95 C, followed by 40e45 cycles each consisting of 1 min at the annealing temperature, 1 min at 72 C and 1 min at 95 C, with a final extension for 10 min at 72 C. Six genetic loci were studied (Table 2) using the primer sequences and PCR conditions given in Table 3 . Amplification products were run on a 2% agarose gel and purified products cloned into Escherichia coli XL1-Blue competent cells (Agilent) using the CloneJet PCR cloning kit (Thermo Scientific). Clones were sequenced (GATC Biotech, Cologne) and aligned with the respective reference sequences using Geneious version 7.1.7 (available from http://www.geneious.com/). BLAST (Altschul et al., 1990 ) was used to compare sequences with the GenBank nucleotide database. For hsp65, 187 bp fragments obtained after primer removal were also aligned to the homologous regions of 168 mycobacteria from the 'List of Prokaryotic names with Standing in Nomenclature' (Euz eby, 1997). A maximum likelihood (ML) tree was created using Mega version 6 (Tamura et al., 2013) . The Jukes-Cantor model for nucleotide substitution (Jukes and Cantor, 1969) was applied and 1000 bootstrap replicates were used to determine the robustness of the tree topology. The tree was visualized with FigTree version 1.4.2 (available from http:// tree.bio.ed.ac.uk/software/figtree/).
Results
PCRs directed at the mycobacterial heat-shock protein gene hsp65
We applied a genus-specific PCR directed at the heat shock protein gene hsp65 (Khan and Yadav, 2004) to ten samples, cloned the PCR products, and sequenced 2e6 clones per sample in order to identify the mycobacterial species that were present. None of the sequences exactly matched any of the mycobacterial hsp65 entries contained in GenBank, but BLAST searches identified all sequences as most likely deriving from MOTT species. Only one sequence type was obtained for each of the individuals from Ashchurch 705, Horncastle 20, Kempston 3902 and Obeliai 143A, but all the other samples displayed at least two different sequence types ( Supplementary Fig. 1) .
A maximum likelihood tree constructed from the clone sequences and the equivalent hsp65 regions of 168 mycobacterial species displayed the expected division of Mycobacterium into slow and rapid growers, with the exception of a few species which did not fall into their respective clusters (Fig. 1) . The tree suggests that the sequences obtained from individuals Ashchurch 705 and Horncastle 20 fall within the group of slow-growing mycobacteria, and those from Kempston 3902, Obeliai 143 and Queensford Mill Table 1 Previous aDNA results for the samples that were studied (Müller et al., 2014a (Müller et al., , 2014b (Müller et al., 2014a) . (Jukes and Cantor, 1969) . Initial tree(s) for the heuristic search were obtained by applying the neighbour-joining method to a matrix of pairwise distances estimated using the maximum composite likelihood approach. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013) and visualized with FigTree version 1.4.2 (available from http://tree.bio.ed.ac.uk/software/figtree/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
PCRs directed at single nucleotide polymorphisms
In previous work we typed single nucleotide polymorphisms (SNPs) in the M. tuberculosis genome in order to compare the strains present in different archaeological samples (Müller et al., 2014b) . We observed that some PCRs directed at the subunit A of the DNA gyrase (gyrA), catalase-peroxidase (katG), ubiquinolcytochrome C reductase (qcrB), and two regions within the b subunit of the RNA polymerase (rpoB) sometimes gave products of the expected size but with sequences not corresponding to MTBC. Fifteen samples (Table 2) gave non-specific amplification products for at least one of these five targets (Supplementary Figs. 2e6) . In contrast, the sample from individual St George's Crypt 4006 gave rpoB 3243 sequences identical to MOTT species Mycobacterium avium, Mycobacterium avium subsp. paratuberculosis, Mycobacterium kansasii, Mycobacterium neoaurum, Mycobacterium branderi, Mycobacterium celatum, Mycobacterium kyorinense, Mycobacterium mageritense, Mycobacterium rhodesiae, Mycobacterium smegmatis, Mycobacterium vanbaalenii, Mycobacterium barrassiae and a strain of the genus Nakamurella, and that from Saint Am e 20 gave rpoB 3243 sequences with highest similarity to these MOTT species but also members of the genera Nakamurella and Segniliparus. The sequences of the non-specific gyrA and qcrB amplicons again showed highest similarity with MOTT species, but with members of the MTBC as well as Rhodococcus, Nocardia and/or Blastococcus also giving high scores. The sequence obtained from Whitefriars 657 for katG displayed highest similarity with MTBC.
Discussion
Our studies of the hsp65 gene show that MOTT of various types are present in most if not all archaeological remains. Each of the ten samples that we studied gave hsp65 amplicons which, after cloning, yielded sequences not present in Genbank but which clearly derived from mycobacterial species according to their position within an ML tree. In the case of the three Horncastle samples, some of the sequences were identical, which is a clear indication that they come from an environmental MOTT in the burial and/or storage environment, or from the 'mycobacteriome' of the human body, such as the oral cavity and upper respiratory tract which harbours diverse non-tuberculous mycobacterial species even in healthy individuals (Macovei et al., 2015) . The same is probably true in those instances where there are only small differences between the sequences obtained from a sample, such as Queensford Mill 157, St George's Crypt 4006 and Weston-super-Mare 01 ( Supplementary  Fig. 1 ). Although pseudogenes, with variable sequences compared with the functional version, are present in bacterial genomes (Lerat and Ochman, 2005) , the variations seen in these hsp65 amplicons are likely to be due to diagenetic sequence changes and/or PCR error (Gilbert et al., 2003 (Gilbert et al., , 2007 Brotherton et al., 2007) rather than variability in the original sequences. The presence of these MOTT highlights the care that needs to be taken when examining ancient remains for MTBC aDNA. The web-accessible 'List of Prokaryotic names with Standing in Nomenclature' listed 170 mycobacterial species in March 2015 (Euz eby, 1997). Only 62 species were known in 1989, another 27 species were identified in the 1990s and 81 have been described since 2000. This rise in newly-described mycobacteria during the last two decades indicates that the actual number of MOTT species in the environment is likely to be substantially higher than the ones known today.
Three publications have previously reported targeting of the hsp65 gene as part of studies of MTBC aDNA. Konomi et al. (2002) reported amplification of a 441 bp product from seven samples, most of these products being assigned to Mycobacterium flavescens based on restriction fragment length analysis. Haas et al. (2000) used a nested PCR approach giving 231 bp and 133 bp products and obtained positive results for 13 samples. Direct sequencing of the hsp65 sequences of two of the samples identified these as Mycobacterium agri, a saprophytic soil mycobacterium. Neither of these studies reported the actual sequences obtained from their samples but both attributed their results to contamination with soil bacteria. Finally, Crub ezy et al. (1998) amplified a 383 bp segment of hsp65 from a rib and a vertebral fragment of a skeleton from Egypt dating to 3300e3400 BC. They then applied nested PCR to aliquots of the first-round PCR product of the vertebral sample and obtained amplicons of 105e135 bp which after direct sequencing gave four non-identical sequences. Further analysis of one of these nested hsp65 sequences showed that it was most similar to Mycobacterium malmoense, an environmental mycobacterium, and was positioned near the root of an ML tree, surrounded by a variety of MOTT species and some distance from the MTBC species (Crub ezy et al., 2006) . The authors then concluded that the sequence represents "an archaic mycobacteria, which was pathogenic at the origins of urban life in Egypt". We believe that this proposal is not supported by their findings and that it is more likely that the sequence derived from a contaminant rather than a true ancient pathogenic mycobacterium.
The PCRs directed at the gyrA, katG, qcrB and rpoB loci further illustrate the problem caused by the presence of non-MTBC bacteria in archaeological bones, and emphasise that false-positive PCR products can result not just from MOTT but also from bacteria of related genera that share sequence similarity within the region containing a SNP. Another possibility is that these sequences derive from common pathogenic and/or non-pathogenic bacteria from the microbiomes of these individuals.
Conclusion
Our results illustrate the complications inherent in the study of MTBC aDNA in archaeological remains. The presence in such samples of a diverse microflora, a substantial proportion comprising MOTT and other species with sequence similarity to MTBC, presents challenges that have not, in our view, been met by all previous published work in the area. It is clear that the authenticity of any PCR directed at MTBC aDNA cannot be assumed unless the product is characterised by sequencing, and any variations from the reference MTBC sequence checked against sequence data for MOTT and other species to ensure that the product does actually derive from MTBC. Even if an amplicon is identical to the MTBC, authenticity cannot be assumed, in view of the ever-increasing number of new MOTT species that are being described, which implies that many species remain unrecorded. Short sequences from conserved regions such as coding loci could quite conceivably be identical in MTBC species and one or more MOTT that might be present in an archaeological sample, as seems to be the case for the amplicon used to detect IS6110 in clinical samples (Thacker et al., 2011) . Such a degree of sequence conservation between MTBC and MOTT would also complicate the use of NGS to obtain ancient pathogen genotypes or genome sequences from archaeological human samples (Bouwman et al., 2012; Chan et al., 2013; Bos et al., 2014) . Misidentification of a MOTT sequence as an MTBC read would now lead to the final genome sequence being a chimera, partly authentic MTBC and partly derived from one or more MOTT. The chimeric nature of such a genome sequence would not be an issue if the misidentified MOTT reads are identical to the genuine MTBC sequences in those parts of the genome to which they map. Under these circumstances, the genome sequence will be correct, albeit for the wrong reason. A problem would arise, however, if MTBC and MOTT reads spanning a SNP were identical except for that SNP position. Now there would be a danger of the MOTT version of the SNP being called as correct, for example if the MOTT sequences dominated the read collection and the most frequent version of a SNP was taken to be the genuine read at that position. The resulting genome sequence would be chimeric in a critical way as its SNP genotype would be part MTBC and part MOTT, and deductions that are made about the evolutionary relationships of that ancient 'genome' and extant MTBC strains would clearly be erroneous.
